Systematic observations of the Martian hot oxygen corona by Imaging Ultraviolet Spectrograph on Mars Atmosphere and Volatile and EvolutioN can be used to constrain estimates of the current neutral oxygen escape rate. In this paper, we investigate the effect of the photons emitted from the thermosphere and lower exosphere on the emissivity of the hot oxygen corona at 130.4 nm. We compare this source of illumination, generally neglected, to the direct solar illumination used to convert the O I 130.4 triplet brightness into line-of-sight column density. This study is performed using a radiative transfer model with two Maxwellian oxygen populations, assuming spherical symmetry for the cold and hot oxygen densities. Contribution to the corona from the illumination of the exosphere by the sunlit atmosphere depends on the amount of cold oxygen and varies with altitude and solar zenith angle. An analytic formulation to take into account variations of this effect with respect to the hot oxygen kinetic temperature is proposed. The effect of the atmosphere sunlit should be general and occur on other planets for other very optically thick resonance lines.
Introduction
Nonthermal escape of atomic oxygen from Mars has been hypothesized from photochemical considerations [McElroy, 1972] . The O 2 + ion is the main ion in the Martian ionosphere [Hanson et al., 1977; Bougher et al., 2015] and is formed from the chemical reactions between the primary ion CO 2 + and atomic oxygen: CO 2 + + O ➔ O 2 + + CO. This ion is mainly lost by dissociative recombination: O 2 + + eÀ➔ O + O. This reaction is exothermic and the two oxygen atoms can have a velocity larger than the Martian escape velocity. Therefore, these hot oxygen atoms produced in the rarefied region of the Martian upper atmosphere can escape from Mars or have large ballistic trajectories leading to the formation of an extended oxygen distribution around Mars.
According to most models [e.g., Yagi et al., 2012; Lee et al., 2015] , the oxygen density below 500 km is due to the diffusion/ballistic movement of the oxygen atoms produced in the lower thermosphere and characterized by Maxwellian velocity distribution at the atmospheric temperature: the "thermal oxygen population." Above 500 km, the contribution from the dissociative recombination of O 2 + to the total oxygen density becomes important [Yagi et al., 2012; Lee et al., 2015] . A hot oxygen corona has been observed on Venus by the Pioneer Venus Orbiter [Nagy et al., 1981] through the resonant scattering of the solar photons by the energetic oxygen atoms. On Mars, it is only recently that this hot oxygen component has been observed.
The first detection of the hot oxygen corona around Mars was performed by the UV spectrograph Alice aboard Rosetta during its flyby of Mars in 2007 [Feldman et al., 2011] and by the Hubble Space Telescope [Carveth et al., 2012] . More systematic observations with a much better vertical resolution are now acquired by the instrument Imaging Ultraviolet Spectrograph (IUVS) aboard Mars Atmosphere and Volatile and EvolutioN (MAVEN) . The observations from IUVS/MAVEN confirmed a transition from a cold oxygen corona [Chaufray et al., 2015a ] to a hot oxygen corona near 600 km . This transition is suggested by the change of the brightness scale height from being consistent with the ambient temperature to having a slope corresponding to an O atom energy of 1.1 eV between 1000 and 3500 km .
Other processes such as sputtering [Leblanc et al., 2015] could also be a source of hot oxygen around Mars. However, the decrease of the hot oxygen corona with the solar zenith angle [Lee et al., 2015] , its correlation with the solar ionizing flux , as well as the current nondetection of variations of the hot oxygen corona with respect to the pick up ions precipitating flux suggest that the contribution of the sputtering to the hot oxygen corona is minor at present solar conditions at Mars, in agreement with models [Chaufray et al., 2007] .
The typical intensity of the observed O 130.4 nm triplet above 500 km is of few Rayleighs [Feldman et al., 2011; Deighan et al., 2015] , too weak to be observed by the UV spectrograph SPICAM on Mars Express [Chaufray et al., 2009] . This low brightness is due to the low density of oxygen above 500 km. Because of this low density the optically thin assumption is generally used and the line-of-sight column density converted into brightness using the solar excitation frequency (g factor) [Feldman et al., 2011; Lee et al., 2015] . Such an assumption is probably correct to derive a first estimate. However, for an accurate estimate, the photons scattered or emitted at lower altitudes should be also considered. The goal of this study is to quantify this "Mars shine" effect using a radiative transfer model with two oxygen populations. One population called the cold population dominant in the thermosphere and lower exosphere, and one hot population assumed to have a Maxwellian velocity distribution but with a kinetic temperature much larger than the Martian thermosphere/lower exosphere. The radiative transfer model as well as the oxygen density profiles used as input of the models are described in section 2. The change of the cold oxygen volume emission rate due to the presence of the hot oxygen population is described in section 3, whereas the change of the hot oxygen volume emission rate due to the presence of the cold population is described in section 4 and is followed by a conclusion in section 5.
Models
Because the goal of this paper is to analyze the consequences of the atmosphere sunlit when interpreting the hot oxygen corona and not to study the variability of the hot oxygen corona, we will use spherically symmetric cold and hot oxygen densities. While most models predict a 3-D structure for both cold [e.g., Gonzalez-Galindo et al., 2009 Valeille et al., 2009a] and hot oxygen densities [Valeille et al. 2009b; Yagi et al., 2012] , this assumption is sufficient to estimate the effects of the scattered photons in the thermosphere/low exosphere on the hot oxygen corona.
Thermospheric Density
The approach is similar to the one described in Chaufray et al. [2009] . The temperature profile below 200 km is parameterized by the value of the temperature at 200 km using the formulation of Krasnopolsky [2002] . We consider only two species: O and CO 2 . The total density O + CO 2 is derived from the hydrostatic equation. The diffusion equation is solved in combination with the hydrostatic equation to derive the density of O and CO 2 at different altitudes. The CO 2 density at 80 km is fixed to 2.6 × 10 13 cm À3 [Krasnopolsky, 2002] . The thermal oxygen thermospheric density depends only on two parameters: O density at 80 km and temperature at exobase. Below 80 km, we assume the atmosphere to be fully opaque to the photons at 130.4 nm.
Exospheric Density
The CO 2 density does not need to be described in the exosphere because the absorption of the emission by CO 2 is negligible at these altitudes. The cold oxygen density is computed using a Chamberlain approach [Chamberlain, 1963] and therefore depends only on two parameters: oxygen density at the exobase and temperature at the exobase.
The hot oxygen density is only computed above the exobase. Here, again, we use a Chamberlain approach but for temperature much larger than the atmospheric temperature at the exobase. Typical temperature from 1000 to 10,000 K as suggested by models and observations from Rosetta and MAVEN and the density at 200 km [Feldman et al., 2011; Deighan et al., 2015] . The hot oxygen density at 200 km is chosen to have a density profile above 500 km close to the estimated densities [Lee et al., 2015] . We assume a uniform temperature for the hot oxygen population. Several processes could contribute to the hot oxygen density, but the scale heights of the hot oxygen density from each process are very similar [Groller et al., 2014] , and therefore, our single-scale height assumption should still be valid.
Examples of vertical oxygen distribution of the cold and hot oxygen densities are displayed in Figure 1 . These cold density profiles correspond to an exospheric temperature of 300 K and an oxygen density at 200 km of 1 × 10 7 , 2.0 × 10 7 , 4.5 × 10 7 , and 1 × 10 8 cm À3 encompassing the values derived from different measurements [Chaufray et al., 2009 [Chaufray et al., , 2015a Feldman et al., 2011; Bougher et al., 2015] . The hot oxygen density profiles are chosen to encompass the hot oxygen densities derived from observations and models [Feldman et al., 2011; Lee et al., 2015] .
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Radiative Transfer Model
The radiative transfer model is that used by Chaufray et al.
[2015a] to analyze the first observations of the cold oxygen corona by IUVS/MAVEN, but extended to include two different oxygen populations, similar to the model used to study the Venusian hydrogen nightside corona [Chaufray et al., 2015b] . This model is based on a Monte Carlo approach following the trajectories of test photons from the Sun to the Martian atmosphere. Each solar line of the 130.4 nm triplet at Mars is approximated by a flat "boxcar" line shape with a 10 Doppler linewidth. The fine structure of the 130.4 nm triplet is taken into account and the relative populations of the three fine levels of the ground states are assumed to follow a Boltzmann's distribution for both cold and hot oxygen populations. The distribution in the exosphere, where the collisions are negligible should be the distribution at the exobase if the typical travel time for one oxygen atom coming from the exobase and going back to the exobase is lower than the radiative time of the ground state. We estimate the travel time for an atom with a vertical velocity at the exobase~3.9 km (reaching an altitude of 3500 km) to~5000 s while the smallest radiation time is 11,000 s [Froese Fischer and Saha, 1983] . For the hot oxygen atoms, we have not investigated if a Boltzmann distribution at the kinetic hot temperature is valid. A better estimate would consist to solve the statistical distribution of each sublevel, taking into account the initial state of the atoms, the radiative time, ballistic time, and time between two collisions. It is beyond the scope of this paper to study such distribution.
The fine structure is needed to describe the relaxation of an excited atom toward the three different fine levels of the ground state according to the relative Einstein coefficients and, therefore, its contribution to the three lines of the triplet at 130.4 nm whatever the ground state of the atom before the scattering. When a photon is scattered by an oxygen atom, the new propagating direction of the photon is computed taking into account the phase function.
The phase function p i (θ) of each line i of the 130.4 nm triplet is given by
where θ is the scattering angle and m i an integer depending on the line of the triplet. From Table II , chapter 1 of Chandrasekhar [1960] , we derive m 1 = 100, m 2 = 4, and m 3 = 1.
The wavelength of the scattered photon, taking into account the natural broadening of the lines, is derived from the algorithm presented in Lee [1982] . The test photon is then followed along its new direction and can be scattered again by some other oxygen atoms. The test photons are followed along their trajectory until they escape from Mars (upper boundary at 10,000 km) or are absorbed by CO 2 .
For all the simulations performed in this study the total emission volume rate is divided in five emission volume rates corresponding to the following: Journal of Geophysical Research: Space Physics 10.1002/2016JA023273
1. Single-scattering term for cold oxygen: solar photon scattered for the first time by a cold oxygen atom. Such photon could have been scattered by one or several hot oxygen atoms before. 2. Mutiple-scattering term for cold oxygen: solar photons scattered at least two times by a cold oxygen atom. 3. Single-scattering term for hot oxygen: solar photon scattered for the first time by a hot oxygen atom and never scattered before. 4. "Mars shine" scattering term for hot oxygen: solar photons already scattered by a cold oxygen and scattered for the first time by a hot oxygen. 5. Multiple scattering for hot oxygen: photons scattered at least two times by a hot oxygen atom.
All these terms are spectrally integrated and summed over the three lines of the 130.4 nm triplet.
The sum of the two first terms represent the total volume emission rate of the cold oxygen population and the sum of the three last terms the total volume emission rate of the hot oxygen population. All these terms are normalized by the solar g factor.
Effect of the Nonthermal Population on the Volume Emission Rate of the Thermal Population
In this section, we used the two populations radiative transfer model using the cold density profile represented by the green solid line in Figure 1 and the hot oxygen density profile represented by the green dashed line in Figure 1 .
As shown in Figure 2 , the dayside volume emission rate of the cold oxygen is not modified by the presence of a hot oxygen population. The slow decrease of the multiple scattering above the region where the optical thickness at the center of the line: τ = 1 is due to the Mars shine effect discussed in detail in the next section.
In the nightside, as shown by Figure 2 , the volume emission rate of the cold population is modified when a hot oxygen population is present. Indeed, solar photons cannot access directly the Martian shadow, so that only scattered photons can reach it. When an extended hot population is present around Mars, the number of photons scattered by this extended exosphere and reaching the shadow is not negligible and can even be dominant with respect to the photons scattered by the more compact cold oxygen exosphere. These Journal of Geophysical Research: Space Physics 10.1002/2016JA023273 photons increase the nightside volume emission rate of the cold oxygen corona. Therefore, our simulations suggest that observations of an emission at 130.4 nm at solar zenith angle (SZA) > 120°(depending on the altitude of the observations) could be interpreted as the evidence of a high-altitude oxygen-extended corona. At 200 km, the nightside volume emission rate is still~4 orders of magnitude lower than the dayside volume emission rate, and therefore, the emission is difficult to detect.
Effect of the Thermal Population on the Volume Emission Rate of the Nonthermal Population
In this section, we investigate the effect of the cold oxygen population on the hot oxygen emission volume rate, in particular, any possible limitations of using only the primary sunlight source when interpreting the brightness of the high-altitude hot oxygen. The three components of the hot oxygen volume emission rates presented in section 2 against altitude and solar zenith angle are displayed in Figure 3 .
Considering only the sunlight photons source would correspond to a normalized volume emission rate equal to the density (Figure 3) . The simulated profiles of the volume emission rates are noisy due to the low numbers of scatterings in the Monte Carlo radiative transfer model. Below~360 km, the departure between the single-scattering normalized term and the density is due to the effect of the total oxygen column density above that scatters the solar flux and therefore reduce the local solar flux.
The effect of the cold oxygen population on the volume emission rate of the hot oxygen is illustrated by the "shine" term. With our choice of cold oxygen density model, this term is dominant below 500 km and its effect decreases with altitude (Figure 3) . At 4000 km, it only represents few percent of the total volume emission rate of the hot oxygen population. This term also decreases with solar zenith angle (Figure 3b ) due to the decrease of the solar flux scattered by the cold oxygen population at large solar zenith angle. It is negligible in the shadow compared to the multiple-scattering term.
The dayside multiple-scattering term (due to the photons scattered several times by the hot oxygen population) is negligible at all altitudes for the hot oxygen density range shown in Figure 1 . Only the terms with photons scattered one time by the hot population contribute to the total volume emission rate, and therefore, the Martian upper exosphere can still be considered as optically thin. As a consequence, the total volume emission rate should be proportional to the local hot oxygen density with a proportional factor depending only on the cold oxygen population. The total volume emission rate of the hot oxygen population ε hot can be written under the form
n hot (2) where ε 0 = g exc n hot is the single-scattering term, ε shine is the contribution due to Mars shine: including the solar photons backscattered by the cold oxygen atoms in the thermosphere/lower exosphere (g shine,ph n hot ) and the O 130.4 nm emissions produced by photoelectron impact on the cold oxygen atoms in the thermosphere (g shine , imp n hot ).
The parameter g exc is the excitation factor of the O 130.4 nm line depending on the solar flux given by
where F T is the spectrally integrated solar flux of the 130.4 nm solar triplet, σ 0 is the cross section at the center of the line, identical for the three lines of the triplet due to the same values of the oscillator strengths [Strickland and Donahue, 1970] , Δλ D the Doppler linewidth of one line taken identical for each line of the triplet, p j is the relative population of the fine level j of the ground state, and γ j , the ratio between the solar flux at the center of the solar line j Φ 0j and the total solar flux F T . The parameters γ j are derived from the solar spectral profiles given by Gladstone [1992] : γ 1 = 1.18 Å À1 , γ 2 = 1.43 Å À1 , and γ 3 = 2.12 Å À1 . Due to the term in p j and the fact that the solar lines have not the same flux Φ 0j , g exc depends on the temperature. For the range of temperatures estimated for the hot oxygen temperature (1000-10,000 K), the variation of g exc with the hot temperature is less than 5%.
We estimate the relative contribution of the photoelectron impact and solar photons to Mars shine, using the approach of Strickland et al. [1973] (see also Chaufray et al. [2009] ) to describe the primary source of photons produced by photoelectron impact. We used an electron impact frequency of 8 × 10 À8 s À1 at the top of the atmosphere of Mars [Stewart et al., 1992] and a solar g factor of 5.7 × 10 À6 s À1 [Lee et al., 2015] . Using these values, we found for the oxygen density shown in Figure 2 that the contribution of the photoelectron impact (g shine,imp ) to the total shine term is 20% and the contribution of the solar photons (g shine,ph ) to the total shine term is 80% at SZA = 60°. The contributions of the photoelectron impact is 15% and 30% at SZA = 0°and 90°, respectively.
If we neglect the contribution of the photoelectron impact to the O 130.4 nm emission as source of Mars shine, then the volume emission rate of the hot oxygen is given by
G c is a correction factor defined by
G c depends on the cold oxygen population and therefore on the spatial position. For a spherically symmetric cold corona as used in these simulations, G c is a function of the altitude and solar zenith angle only. When G c ≪ 1, the planet shine is negligible compared to the direct sunshine, and the volume emission rate is the product of the solar g factor and the hot oxygen density. At high altitudes where the slant optical thickness τ ≪ 1, the correction on the brightness along one line of sight is given by the integration of the volume emission rate:
The altitude variations of G c for the two cold oxygen density profiles represented in Figure 1 by the black and red solid lines are displayed in Figure 4 at SZA = 0°. At SZA =0°, the Mars shine can increase by more than 50% the full volume emission rate (and therefore brightness) at altitudes between 500 and 1000 km. G c decreases with SZA and is lower than 1% at SZA > 110°. At high altitudes (above~4000 km), G c decreases as 1/r 2 as expected from photons flux conservation (Figure 4 ), but at these altitudes, the effect is very small (<10%), lower than the noise of the IUVS data . We performed simulations with the different hot oxygen profiles shown in Figure 1 , to check if the G c parameter is independent of the hot oxygen density profile as expected. Because the noise in the Monte Carlo simulations is reduced when using the denser hot oxygen model due to the larger number of scatterings, we used this model to estimate the variations of G c with the altitude and solar zenith angle.
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The estimated range of the G c factor for SZA = 0°, 30°, 60°, and 90°at different altitudes, derived from this set of cold oxygen density models, are indicated in Table 1 .
At SZA = 90°, the shine effect on the hot oxygen corona is small (<10% above 750 km) as also indicated in Figure 4 .
The G c factor depends also on the shape of the velocity distribution of the hot oxygen due to the dependence of the scatter cross section on this shape [e.g., Chaufray and Leblanc, 2013] . If the velocity distribution of the hot oxygen corona can be described by a Maxwellian distribution, G c will depend on the kinetic temperature of the hot oxygen. MAVEN recent observations suggest that the hot oxygen population could be hotter than what was suggested from Alice/Rosetta observations. In Figure 5 , we displayed the G c factor for the same hot oxygen density model as in Figure 1 , but assuming different kinetic temperatures for the hot oxygen atoms: T h = 2000 K and T h = 8000 K.
The G c factor decreases with T h due to the lower scattering cross section of the hot oxygen atoms (σ 0~T À1/2 ) near the spectral center of the lines corresponding to the wavelength of most of the backscattered photons by the cold oxygen atoms. If we assume that all photons are backscattered between À3Δλ Dc and 3Δλ Dc , where Δλ Dc is the Doppler wavelength at the cold kinetic temperature T c , and if we neglect the scatterings by the Lorentzian wings of the Voigt profile, then the efficiency of the shine effect on the hot oxygen should be proportional to the hot oxygen scattering cross section integrated over this wavelength range, i.e., H given by
where T h is the kinetic temperature of the hot oxygen distribution and erf the error function. The G c values derived at T h = 2000 K and rescaled by H(T h = 8000 K)/H(T h = 2000 K) are also displayed in Figure 5 , showing a good agreement with the G c values derived for T h = 8000 K. Such a scaling has been found to work well for T c = 300 K and T h = 2000 K, 4000 K, 6000 K, and 8000 K. Therefore, the values given in 
Conclusion
We used a radiative transfer model including cold and hot oxygen populations in the Martian exosphere, as recently observed by MAVEN, to investigate the effect of Mars shine on the volume emission rate of the hot oxygen corona. While the volume emission rate of the thermal oxygen population is affected by the presence of a suprathermal population only on the nightside hemisphere, the volume emission of the dayside hot oxygen rate mainly due to the solar resonant scattering can be increased by about 50% when Mars shine is included (i.e., the g factor should be increased by about 50%) depending on the spatial position. While neglecting Mars shine is sufficient to already provide strong constraints on the origin of the hot oxygen corona, any accurate estimate of the hot oxygen corona and associated escape rate will need to take it into account. Because of the expected temporal variations of the oxygen density in the thermosphere/exosphere resulting, for example, from the large temporal variability of the exospheric temperature [Gonzalez-Galindo et al., 2015] , this effect will be time variable. While taking into account that this effect will slightly improve the comparisons between the IUVS observations and the simulations performed by Lee et al. [2015] , it cannot explain alone the observed systematic discrepancy. Indeed, such discrepancy would require too large cold oxygen densities in the thermosphere/exosphere or unrealistically low kinetic temperature for the hot oxygen population. This effect is not uniform and acts to reduce the brightness scale height, so that the temperature derived from the scale height of the brightness of the hot corona would be underestimated. 
